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Abstract 
This paper deals with the soil-structure interaction that occurs in deep foundations of bridge piers in seismic areas. In particular, 
the kinematic response of rigid caisson foundations under the passage of obliquely incident polarized shear waves is highlighted 
and discussed. A Winkler model with translational and rotational impedances is used to analyze the dynamic behavior of both the 
foundation and the superstructure. Analyses are carried out in the hypothesis of linear elastic soil. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The fundamental step in the analysis of seismic soil-structure interaction (SSI) is the definition of the design input 
motion. At first, the characteristics of the motion of the ground - such as amplitude, frequency content and duration - 
depend on local geological and soil conditions. The influence of site conditions is controlled in large part by the 
mechanical properties of the soil deposit, topographic irregularities, such as long ridges and cliffs, as well as by the 
nature of the seismic waves. Moreover, ground motion varies spatially on local scales. This local variation is usually 
negligible for common structures, whereas can be relevant for bridges that extent over considerable distances. Another 
important aspect of SSI is that the motion experienced by the foundation is generally different from that occurring in 
the free-field soil, i.e. the motion induced by the seismic waves into the soil in the absence of the structure. In many 
cases, this kinematic interaction can be neglected, but recent studies [1] have shown that it should be in principle 
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relevant for drilled shafts and caissons, owing to the foundation size and embedment. These types of foundations are 
widely used to support major structures, such as bridges, in soft soil. 
A complete understanding of the seismic behavior of structures can be achieved adopting a multi-step approach in 
which the free-field response of the site is first evaluated; then, the free-field ground motion is applied at the solely 
foundation, supposed infinitely rigid, and the kinematic interaction is solved in order to determine the so-called 
foundation input motion (FIM). The FIM is imposed to the base of the superstructure, which response is calculated 
taking into account the deformability of the supporting soil (inertial interaction). 
A widely used approach to model the interaction between soil and deep foundations is represented by the dynamic 
Winker model. It consists of a series of independent horizontal or vertical springs and dashpots continuously 
distributed along the surface of the foundation. The other extremity of the springs and dashpots are connected to the 
free-field where the soil response is imposed. Gerolymos and Gazetas [2] developed a Winkler-type model for the 
seismic analysis of caisson foundations. Four types of springs and dashpots are used: distributed lateral springs and 
dashpots associated with the horizontal and rocking components of the motion of the caisson; springs and dashpots 
concentrated at the base of the caisson associated with the horizontal and rocking components of the motion.  
In this paper, some important aspects of the dynamic behavior of bridge piers founded on caisson subjected to 
harmonic SH and SV shear waves are investigated and the Winkler-type model [2,3] is used to represent the soil-
foundation system. Different wave patterns are considered and their effects on the dynamic response of the 
superstructure are also discussed. 
2. Dynamic impedance of the foundation 
The Winkler type model developed for the dynamic response of rigid caisson foundations consists of four types of 
linear springs and dashpots (Fig. 1a): two distributed translational (kx, cx) and rotational (kT, cT) impedances on the 
shaft of the caisson, two concentrated translational (Kh, Ch) and rotational (Kr, Cr) impedances at the base. The spring 
coefficients kx and kT at the shaft of the caisson (as well as Kh and Kr at its base) take into account the stiffness and 
inertia of the supporting soil and therefore constitute the dynamic stiffness of the foundation. The dashpot coefficients 
(cx, cT, Ch, Cr) reflect the radiation and material damping generated in the system. As known, for each mode j of 
vibration of the foundation, the dynamic impedance component is written in complex notation as 
ത݇௝ሺܽ଴ሻ ൌ ௝݇ሺܽ଴ሻ ൅ ݅ܽ଴ ௝ܿሺܽ଴ሻ  (1) 
where ݅ ൌ ξെͳ; ܽ଴ ൌ ߱ܤȀ ௦ܸ is the dimensionless frequency, Z the circular frequency of the harmonic excitation, B 
the diameter or width of the caisson, Vs the shear wave velocity of the soil. By curve-fitting with 3D finite element 
simulations, Varun et al. [3] obtained the following simple relations of the dynamic spring and dashpot coefficients 
݇௫ ൌ ͳǤͺʹͺܧ௦ሺܦȀܤሻି଴Ǥଵହሺͳ െ ͲǤͳܽ଴ሻ                    ܿ௫ ൌ ൜ ͳǤͺͷܧ௦ܽ଴݂݋ݎܽ଴ ൏ ͳͳǤͺͷܧ௦݂݋ݎܽ଴ ൐ ͳ (2) 
݇ఏ ൌ ሺͳǤͳͲ͸ ൅ ͲǤʹʹ͹ܦȀܤሻܧ௦ܤଶሺͳ െ ͲǤʹʹͷܽ଴ሻ     ܿఏ ൌ ቐ
െͲǤʹͳܧ௦ܤܦܽ଴݂݋ݎܽ଴ ൏ ͳ
െͲǤʹͳܧ௦ܤܦሺʹ െ ܽ଴ሻ݂݋ݎͳ ൏ ܽ଴ ൏ ʹ
Ͳ݂݋ݎܽ଴ ൐ ʹ
 (3) 
ܭ௛ ൌ ሺͲǤ͸͸ͻ ൅ ͲǤͳʹͻܦȀܤሻܧ௦ܤ                               ܥ௛ ൌ ൜ͲǤ͸ܧ௦ܤܽ଴݂݋ݎܽ଴ ൏ ͲǤ͸ͲǤ͵͸ܧ௦ܤ݂݋ݎܽ଴ ൐ ͲǤ͸ (4) 
being D the depth of embedment of the caisson and Es the Young’s modulus of the soil. The rotational components 
Kr and Cr of the base of the caisson may be neglected for the aspect ratio D/B usually considered for these foundations 
[3]. 
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Fig. 1. (a) Bridge-pier on Winkler foundation; (b) Simplified SSI model; (c) Bridge system studied. 
Once all the springs and dashpots of the Winkler model are defined, the impedance matrix of the foundation, which 
relates the force-moment vector {P} with the displacement-rotation vector {U}, takes the form [2,3] 
ሾܵሿ ൌ ൤ܵ௛௛ ܵ௛௥ܵ௥௛ ܵ௥௥൨  (5) 
where 
ܵ௛௛ ൌ ത݇௫ܦ ൅ ܭഥ௛                 ܵ௛௥ ൌ ܵ௥௛ ൌ െ ௞തೣ஽
మ
ଶ െ ܭഥ௛ܦ           ܵ௥௥ ൌ
௞തೣ஽య
ଷ ൅ ܭഥ௛ܦଶ ൅ ത݇ఏܦ ൅ ܭഥ௥  (6) 
The components of the impedance matrix are referred to the top of the caisson. Once the matrix S has been 
determined, the steady-state response of the foundation itself or of any supported structure on it may be easily 
calculated. In this work, the mass of the foundation is neglected for the sake of simplicity. 
3. SSI analysis 
Kinematic soil-structure interaction derives from the propagation of the seismic waves which makes the soil motion 
at any given instant generally different from point to point. A relatively stiff foundation produces an averaging effect 
in which the overall motion at the foundation interface, uko, is generally less than the maximum displacement, uff, that 
would have occurred in the free-field soil in the absence of the structure. The embedment of the foundation tends to 
produce an additional kinematic phenomenon, associated with the reduction of ground motion with depth. The 
distribution of soil displacements along depth is incompatible with the rigid lateral movement of the side-walls of the 
foundation, so that a rotational (or rocking) component, Tko, develops. Both base-slab averaging and embedment effects 
cause the foundation input motion to deviate from the free-field motion in a manner that is independent of the 
superstructure. These occurrences are strongly frequency-dependent as they are influenced by the wavelength of 
seismic waves compared to the dimension of the foundation elements. 
Imposing equilibrium of forces in the horizontal direction and moments with respect to the top of the caisson leads 
to 
൤ܵ௛௛ ܵ௛௥ܵ௥௛ ܵ௥௥൨ ቄ
ݑ௞௢
ߠ௞௢ቅ ൌ ቄ
ܪ
ܯቅ  (7) 
in which [2,3] 
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ܪ ൌ ׬ ത݇௫ݑ௙௙ሺݖሻ݀ݖ஽଴ ൅ ܭഥ௛ݑ௙௙ሺͲሻ  (8a) 
ܯ ൌ ׬ ത݇௫ݑ௙௙ሺݖሻݖ݀ݖ஽଴ ൅ ܭഥ௛ݑ௙௙ሺܦሻܦ ൅ ׬ ത݇ఏݑԢ௙௙ሺݖሻ݀ݖ
஽
଴ ൅ ܭഥ௥ݑԢ௙௙ሺܦሻ (8b) 
being uff and u’ff the free-field displacement and its derivative with respect to z, respectively. The response of the bridge 
pier to the foundation input motion with amplitude uko and Tko is thus evaluated solving the dynamic equilibrium of 
the idealized structural system sketched in Figure 1b. It consists of a single-degree-of-freedom structure (SDOF) with 
lumped mass m, height h, elastic stiffness k and damping ratio [s. The compliance of the base of the SDOF is 
represented by the impedance matrix [S]. The FIM is directly applied at the base. 
The foundation has two degrees of freedom consisting of the horizontal displacement with amplitude uo and rocking 
with amplitude To. The elastic horizontal displacement of the top mass relative to the base mass has amplitude u. 
Formulating dynamic equilibrium of the mass of the superstructure and the translational and rotational equilibrium of 
the whole system determines the displacements u and uo and the rotation To [4]. The total displacement amplitude of 
the superstructure results us=uo+hTo+u. 
4. Applications 
The procedures described are herein used to analyze the dynamic response of bridge piers to different seismic wave 
patterns. The soil-structure system considered is sketched in Figure 1c. The superstructure is idealized as a single 
column bent of height h=30 m and diameter d=6 m, founded on a cylindrical caisson of diameter B=10 m and height 
D=15 m. The mass of the superstructure is m=1200 Mg. The undamped natural frequency of the fixed-base structure 
results Zs=12.14 rad/s that corresponds to 1.93 Hz. The footing is embedded in a uniform elastic soil layer with depth 
D, shear wave velocity Vs=150 m/s, Poisson’s ratio Q=0.3, mass density U=1.9 Mg/m3, resting on a stiff homogeneous 
halfspace having shear wave velocity Vr=4Vs. Both damping ratios of the superstructure and the soil deposit are 
assumed to be 5%. The soil layer is subjected to harmonic polarized shear waves withangle of incidence T measured 
form the vertical and circular frequency Z. Firstly, the effects of kinematic interaction for inclined SV waves are 
illustrated (Fig. 2a-c) in terms of the transfer functions 
ܫ௨ ൌ ฬ௨ೖ೚௨೑೑ฬ                              ܫఏ ൌ ฬ
ఏೖ೚
௨೑೑
ฬ ܤ  (9) 
relating the absolute values of the horizontal and rocking components of the foundation input motion to the free-field 
motion at the free surface of the soil layer. These kinematic interaction factors are plotted versus the dimensionless 
frequency a0. 
For inclined SV waves, transfer functions depend strongly on the frequency of the motion. In particular, at the low 
frequency range, the horizontal displacement of the caisson is minor than the surface ground motion (Fig. 2a). As 
frequency increases, the motion of the foundation tends to be higher and for SV waves inclined at 60° the displacement 
of the caisson becomes greater than the free-field motion. For vertical or slightly inclined shear waves, Iu oscillates 
around unity. The variation of the free-field displacements along the shaft of the caisson induces a rocking component 
even at very low frequency range for angle of incidence equal to 60° and 80° (Fig. 2b). This rotational motion spoils 
the beneficial trend observed for the same angles of incidence at low frequencies, in which the horizontal 
displacements are very small (Fig. 2a). 
These occurrences affect the inertial response of the superstructure, as shown in Figure 2c. The total displacement 
amplitude of the structure normalized by the amplitude of the surface free-field displacement is plotted as a function 
of the frequency ratio Z/Zs. The solution disregarding the presence of the soil, i.e. for fixed-base structure, is also 
reported. As can be observed, the peak responses of the coupled soil-structure system result smaller than that of the 
same structure on a rigid base and occur at a lower frequency, corresponding to a more flexible system. The 
fundamental frequency of the overall system is equal to 1.43 Hz and does not depend on the inclination T of the 
seismic waves.  
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Fig. 2. Bridge pier response to obliquely incident SV and SH waves. 
For SV waves inclined at 60° the structure exhibits the maximum response, owing to the predominance of the 
effects of kinematic interaction. In particular, the rocking component of the foundation input motion reveals quite 
important for the dynamic response of the soil-structure system, as documented in other recent studies [1,4]. It should 
be noticed that T=60° corresponds to a critical value of the angle of incidence of SV waves, which, in general, produces 
the maximum response of the soil deposit [4]. 
The transfer functions (9) for inclined SH waves are presented in Figure 2d-f. For this wave field the effects of 
kinematic interaction become less important with respect to SV waves. Very shallow SH waves induce almost 
negligible kinematic effects on the foundation, which tends to follow exactly the motion of the soil. This trend is 
clearly visible in Figure 2f, in which the response of the flexible-base structure is scarcely influenced by the inclination 
of the SH waves in correspondence of the resonance. The contribution of the rocking component of the FIM arises at 
the high frequency range. The response to shear waves inclined at 80° coincides with the response of the superstructure 
when the free-field soil motion is directly applied at its base (shown in Fig. 3d). 
The influence of the length D of the caisson and the shear stiffness of the layer is investigated in the following. 
Vertically incident S waves are considered. The stiffness contrast between the layer and the underlying halfspace is 
kept constant (Vs/Vr=1/4). Firstly, three different D/B ratios are examined. As embedment of the foundation increases, 
the kinematic interaction factors tend to fluctuate with frequency at an increasing rate (Fig. 3a-b). This complex 
kinematic behavior affects the inertial response of the superstructure. The rocking component of the FIM at very low 
frequencies, when D/B =2.5 and 3.5, determines a larger response of the SDOF (Fig. 3c), although the stiffness of the 
coupled soil-structure system increases, i.e. the peak moves towards Z/Zs=1. For comparison, the response of the 
superstructure without taking into account kinematic interaction and applying at its base the free-field soil motion is 
plotted in Figure 3d. As D/B increases, the fundamental frequency of the system approaches that of the fixed-base 
structure. The maximum response of the superstructure reduces owing to the greater stiffness of the foundation, 
whereas the increase in radiation damping into the soil layer is almost negligible due to the presence of the rigid 
bedrock. 
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Fig. 3. Bridge pier response to vertical S waves for different embedment ratios. 
 
Fig. 4. Inertial response of the bridge pier to vertical S waves for different shear wave velocities (D/B=1.5). 
 
Lastly, Figure 4 illustrates the influence of the shear stiffness of the layer. As the shear wave velocity Vs decreases, 
a significant shift in fundamental frequency of the superstructure and a considerable reduction of the peak response 
are exhibited, as a consequence of the interaction effects with the foundation and soil. 
4. Conclusions 
The fundamental role of SSI on the seismic response of bridge piers subjected to different wave patterns has been 
discussed. Despite the simplicity of the model used, important phenomena of the problem, including the inclination 
of polarized shear waves and the definition of the design input motion, have been investigated. The following 
conclusions may be drawn: inclined incident SV waves amplify the kinematic response of the foundation; for a rigid 
caisson, kinematic interaction is characterized by a significant rocking motion which affects largely the inertial 
response of the superstructure; ignoring the effects of SSI may lead to unsafe design of bridge piers. 
It should be pointed out that all the presented results are rigorously valid under the assumption of linear elastic 
behavior of the soil. 
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